The effects of thermal treatment on the wettability and shrink resistance of Araucaria angustifolia (Parana pine) were studied from 20 to 200 °C. The contact angles of water droplets on untreated and heat-treated samples were measured by the sessile drop method in the grain of heartwood and sapwood cut in the radial, longitudinal, and tangential directions. A significant increase of the contact angles was verified for the samples from room temperature to 120 °C, in particular in the radial and tangential directions; at higher temperatures, the contact angles assumed almost constant values. From 120 to 200 °C, the sapwood of Araucaria angustifolia showed better dimensional stability and lower thermal resistance when compared to the heartwood. Variations of color were also studied by using the CIELab system, which showed to be capable of accurately distinguishing samples treated at different temperatures.
Introduction
The environmental impact caused by biocides and preservatives, as well as by cumulative disposal of treated and waste woods, is one of the reasons why researchers around the world have been investigating alternative methods of wood management and preservation 1, 2 . One of these approaches is to study how the thermal treatment used in the wood manufacturing industry affects some of the natural characteristics of woods, including durability, shape stability, and discoloration, which are mainly caused by loss of extractives and/or effects of chemical degradation.
Understand the surface modification of wood that takes place by heating is extremely important, in particular for industrial application, since properties such as surface quality, dimensional stability and/ or anisotropy factor may change drastically 3 . The temperature induces various changes in the surface of wood, thus decreasing its hydrophilic characteristics and, consequently, wettability, an important characteristic to be evaluated when water-based color coatings are intended to be used to protect and recover surfaces 4 . Furthermore, after heating the wood becomes to exhibit different retraction or expansion ratios along the growth directions (anisotropy), and also, swelling and shrinkage effects, which are not usually verified on untreated woods.
Previous studies have revealed that the resistance of different species of wood to attacks by termites and rot fungi is higher when they are heat-treated, and this enhancement of the biological resistance is partially explained by low equilibrium moisture contents 5 . Temperatures below 200 °C allows one to avoid effects of wood destruction, once decomposition of wood usually takes place at 225-325 °C as verified by color changes, loosening of wood fibers, dimensional changes, and surface cracks [6] [7] [8] . It is well known that mild pyrolysis has been also used for assuring wood a large dimensional stability and better durability; however, removal of extractives and destruction of important polysaccharides (partial or total), such as hemicellulose and lignin, take place at high temperatures and are verified in the curves of mass loss for different species of wood 5, 9, 10 . Our contribution here was to evaluate the effects of heating on the wettability and shrinkage of Araucaria angustifolia (Parana pine) from ambient to 200 °C, a temperature range that is out of the zone of thermal decomposition of wood. Araucaria angustifolia is a native wood variety with favorable properties, such as a soft yellow color, softness, low density, low retraction, and extremely useful for application in furniture and construction finish materials.
Today is a sad reality the huge areas of wood forests have been devastated; within this context, reforestation becomes a priority to practicing sustainable forestry. A lot of research must be still carried out to characterize several species of woods, and to the best of our knowledge, there are no studies on effects of high temperatures on the surface properties of native forest species such as Araucaria angustifolia.
Experimental Procedure
Araucaria angustifolia (Parana pine) samples were cut into 2 × 3 × 5 cm pieces in the tangential, radial, and longitudinal directions from the same board 11 . The wood samples were previously dried up at 103 ± 2 °C in an oven in order to obtain stable values of mass (anhydrous mass), usually after about 48 hours. The dry samples were then heated at different temperatures from ambient to operating temperatures of 120, 140, 160, 180 and 200 °C in an oven at 5 °C/min for 8 hours. After the thermal treatment, the temperature decreased automatically from the operating temperature to 22 °C, when the contact angles were measured for a set of at least 20 heat-treated samples at a relative humidity level of about 45-55%.
The contact angles were measured by the sessile drop method using a home-build goniometer. For each sample, five drops of 5 µL of distilled water were deposited on the wood surface at different locations; after that, the contact angles were measured in the radial, longitudinal, and tangential directions of the wood samples. At least ten measurements were made in order to avoid interferences on the values of contact angles due to structural and chemical variations of the wood samples. The contact angles were measured about 5 seconds after depositing the water drop on the wood surface because this period of time is necessary in order to obtain droplet stabilization and avoid effects of solvent contamination with wood extractives 12 . All image sets were analyzed with computer software, ImageJ software.
The same samples used for the contact angle measurements had their color changes monitored using a surface reflectance spectrophotometer PocketSpec Technologies. The color was calculated from the CIEL*a*b* 3D system 13 , in which the coordinates a* indicate a variation from red (+) to green (-), b*, from yellow (+) to blue (-), and L*, white (100) to black (0).
Results and Discussion
Initially, we studied how the contact angles varied for sapwood and heartwood of Araucaria angustifolia at different growth directions from 20 to 200 °C, and these results are shown in Figure 1 . The contact angles were also monitored with time for the samples heated at 180 °C.
For Araucaria angustifolia there is a clear difference in the contact angles at 20 °C, in particular for sapwood (Figure 1a ). For example, the contact angle increases from near zero, a condition of great wettability/high hydrophilicity, to about 108 o in the radial direction. In the tangential direction, the variation of contact angle is not so evident, from about 95° at 20 °C to 108° at 100 °C. From 120 to 180 °C, the contact angle assumes practically constant values, at about 115º, for both sapwood and heartwood, but from 160 to 180 °C, the contact angle decreases from 115º to its original value for heartwood (Figure 1b) . In this case, the samples become to exhibit drying defects (cracks, fissures or wrinkles) after 180 °C due to effects of absorption of water and an enhanced wettability of the wood surface. For sapwood, there is no clear evidence of drying defects because sapwood is moister than heartwood, thus absorbing more efficiently heat and keeping protected its inner structures.
At first sight, we related the high hydrophobicity of heat-treated Araucaria angustifolia to an effect of migration of volatile extractives from the inner walls to surface of the wood samples. However, similar results than those seen in Figure 1 were obtained after removal of volatile extractives from the wood samples. In this case, the wood extractives were removed from the samples according to a procedure described in the literature 14 . Besides, since the contact angles vary considerably at temperatures below 100 °C, migration and vaporization of extractives from the wood surface cannot be related to differences in the contact angles after increasing temperature. Therefore, we infer that the large variation of wettability of Araucaria angustifolia is due to conformational variations of the cellulose molecules, and also, plasticizing effects of lignin at certain water content, as it was previously reported for other wood species [15] [16] [17] [18] . Generally speaking, the contact angle is constant for sapwood of Araucaria angustifolia from 160 to 200 °C due to a higher hydrophobic condition of the wood sample; for heartwood, the contact angle decreases drastically at 200 °C, thus evidencing that the sample recovers its hydrophilic nature. However, these differences are not so evident for measurements of mass loss after varying temperature.
A considerable percentage of mass loss was verified for Araucaria angustifolia after heating according to calculations from Equation 1, where m i is the initial mass of dried sample before heating treatment, and m h is the mass of the same sample, but after heating treatment: Figure 2 shows the percentage of mass loss for heartwood and sapwood of Araucaria angustifolia from 120 to 200 °C. Below 160 °C, the mass loss is not significantly high, and it can be mainly attributed to a thermal loss of water, triglycerides and waxes. After this temperature, the samples lose very fast a certain percentage of mass (about 8% at 200 °C), particularly for heartwood. These results can be explicated not only due to the elimination of volatile extractives, but also, to structural water that is pulled out of the surface of wood at higher temperatures (200 °C or over). In this case, the temperature is high enough to degrade hemicelluloses and then, reduce the presence of OH groups in the wood cell walls 19, 20 . Furthermore, vaporization of larger extractive molecules (such as fatty acid esters) takes place at temperatures higher than 150 °C, mainly for heartwood, where the concentration of those molecules is comparatively high 21 . In the literature, a mass loss of 30% was obtained for Grevillea robusta at 250 °C, and therein loss of volatile products was related to degradation of hemicelluloses and extractives 22 . When the wood samples are treated at temperatures below 100 °C, the loss of organic material is not significantly high, and any mass variation seen for this case can be only attributed to a loss of adsorbed water from the wood surface 23 . The dimensional variations of Araucaria angustifolia after heating were also measured by using a commercial, electronic digital dial caliper (Figure 3 ). Both heartwood and sapwood exhibited higher dimensional variations after increasing temperature, in particular in the tangential direction, since wood deformation is expected at high temperatures. The literature describes that the dimensional variation in the tangential direction for several species of woods is usually twice than that observed in the radial direction 24 . For sapwood of Araucaria angustifolia, an interesting result, which can be noticed in Figure 3 , is an anisotropy factor equals to 1 at 140 °C, allowing us to assure a good dimensional stability at this temperature. On the other hand, heartwood is a consolidated-type tissue with meaningful amounts of extractives and other organoleptic compounds; these characteristics explain a higher size deformation seen for samples treated at higher temperatures (>160 °C), and which may exhibit cracks, mainly in the capillary structures.
The color variations of the heat-treated samples were also obtained according to the CIEL*a*b* system, a methodology that has been used to characterize the color variations for different species of woods e.g. after preservative treatments 23 and artificial UV light exposures 10 . We obtained the values of L*, a*, b*, and from these data, calculated the values of ∆E according to Equation 2:
which describes the overall color changes of the samples in relation to the same measurements for samples at room temperature. Figure 4 shows the ∆E values with the heating treatment for Araucaria angustifolia (sapwood and heartwood). As it can be seen in Figure 4 , the color does not vary significantly below 160 °C; but after that, the samples become darker, in particular for the sapwood, thus indicating that the color varies earlier from the surface to the inner part of the wood sample.
The change in color for Araucaria angustifolia also showed to be less evident for heartwood, thus indicating that this wood region is more resistant to effects of heating than the sapwood once it contains more extractives in its channels. The presence of these volatile extractives may have contributed to better dissipate heat, thus reducing the thermal conductivity of wood. Sapwood, on the other hand, undergoes faster degradation caused by heating. Similar results of ∆E vs temperature were also obtained in the literature for softwoods (Pine and Alder) treated with preservatives 25 , and one of the effects that contributed most for the darkening of the wood is a partial degradation of extractives under heating. This mechanism, however, has not been clearly discussed in the literature, since it is based on complex reactions involving by-products and other wood constituents, and may involve degradation of lignins followed by reactions of chromophores, which yields a yellowish color and, subsequently, effects of darkening of the wood 26 .
Conclusions
The thermal treatment of Araucaria angustifolia between 120 and 200 °C decreases significantly its surface hydrophilicity even without verifying a considerable effect of mass loss. The stabilization of the contact angles for heat-treated samples was verified for temperatures higher than 150 °C. Heartwood of Araucaria angustifolia showed to be not resistant to temperatures higher than 180 °C, since after this temperature, the samples become to exhibit fissures and warping. Furthermore, the dimensional stability of the wood samples showed to be worse after thermal treatments; an expected behavior for shrinkage was verified from room temperature to 120 °C, and heartwood of Araucaria angustifolia showed to be less heat resistant than sapwood. All these measurements are cheap and fast for characterizing surfaces when all equipments and samples are promptly available; this gain of time could optimize procedures for reception and control of woods in the industries. The CIELab system allowed us to conclude that no color difference can be noticed for heartwood and sapwood of Araucaria angustifolia below 160 °C. The samples become darker after heating above 160 °C, since chemical degradation takes place under high temperatures.
